Stimuli-responsive polymers have undoubtedly been of great interest in the past few decades due to a variety of potential applications in biomedical territory but their non-degradability limits their in vivo applications. Herein, we report a novel dual-stimuli responsive pH-and temperature-responsive poly(β-amino ester). The pH/temperature sensitivities are interrelated and can be easily tuned by the PEG-diacrylate chain length and the percentage of biamines in the feed ratio. These dually-responsive polymers are very useful in drug delivery.
INTRODUCTION
Stimuli-responsive polymers have received extensive attention in biotechnological and biomedical applications, especially in drug delivery systems [1, 2] and gene delivery carriers [3, 4] .
In principle, stimuli-responsive materials can be considered as soft materials and furthermore, they have very important features in common: they undergo changes in response to small external variations in environmental conditions such as (a) chemical stimuli, (b) physical stimuli or (c) biochemical stimuli in solid state, in solution or as gel. Of all stimuli-responsive polymers, with regard to chemical stimuli, changes in the pH value should be the most common examples of chemical stimuli. With regard to physical stimuli, temperature-responsive polymers probably belong to one of the largest classes and their unique and characteristic property to feature a lower critical solution temperature (LCST) has been studied intensely in recent decades. [5] Polymers which are responsive to more than one variable, especially pH-and temperature-responsive polymers have attracted considerable interest. [6] [7] [8] [9] [10] [11] These polymers are designed and prepared by incorporating pH-sensitive components such as weak acids into thermo-sensitive segments, which affords copolymers with pH dependent LCST. This fine-tuning of phase transition by subtle pH change has enabled development of tumor pH-sensitive drug release systems.
Dual response to both temperature and pH offer two parameters for manipulating nanocarriers so as to achieve better targeting and efficacy in complicated microenvironments. pH and temperature dual-sensitive nanoparticles have also been developed for efficient drug release under endosomal or lysosomal pH conditions. [12] The changes in the behavior of macromolecules are often a result of their response to a combination of two or even more environmental stimuli, rather than to a single factor. Moreover, it is especially interesting to develop systems that are responsive to dual stimuli and these dual stimuli systems were constructed on the basis of linear block copolymers due to their easy synthesis.
In this article, we developed a type of PBAE synthesized by Michael addition reaction of diamine such as piperazine and 4,4-trimethylenedipiperimineand poly(ethylene glycol) diacrylates (PEGDA). PBAE showed the expected pH-sensitivity and unexpected temperature-sensitivity. In order to examine the influence of the structure of copolymers on their pH-/temperature dually responsive behaviors and obtain more information about structure-property relationship, it is important to investigate the stimuli responsive behavior of the copolymer with an unequivocal structure and other initiative structural regulation function. We found that the temperature-sensitivity of PBAE could be easily tuned by the molecular weight of PEGDA and the ratio of piperazine to 4,4-trimethylenedipiperimine.
EXPERIMENTAL Materials
Poly(ethylene glycol) diacrylate-258 (PEGDA-258), poly(ethylene glycol) diacrylate-575 (PEGDA-575), poly(ethylene glycol) diacrylate-700 (PEGDA-700), acryloyl chloride, 4,4′-trimethylene dipiperidine (TDP), piperazine(PP), triethylamine (TEA).
Characterization
The molecular weight (Mn) and molecular weight distribution (PDI) of the polymers were determined by a Waters gel permeation chromatography (GPC) equipped with two 300-mm Waters solvent-saving columns (molecular weight ranges: 5×10
), a Waters 2414 refractive index detector, and a dynamic laser light-scattering detector (PD2000, Precision Detectors). The eluent was THF containing 3% v/v triethylamine at a flow rate of 0.3 ml/min, and the column temperature was 30 o C. Data were recorded and processed using the Waters software package. Nuclear magnetic resonance spectra 1 H NMR were obtained on a Bruker Avance DRX-400 spectrometer using CDCl3 or DMSO-d6 as solvent and tetramethyl-siloxane(TMS) was used as the internal reference.
Synthesis of PBAE
PBAEs were prepared by Michael-type addition of poly(ethylene glycol)-diacrylate-258 (PEGDA-258), or PEG-diacrylate-575 (PEGDA-575), PEG-diacrylate-700 (PEGDA-700) with 4,4′-trimethylene dipiperidine, piperazine respectively. A typical procedure is as follows: PEGDA-258 (2 mmol, 0.516g), piperazine (0.85mmol, 0.0731g), 4,4′-trimethylene dipiperidine (1.15 mmol, 0.241g), TEA (0.1 mmol, 0.010g) and 6 ml of CH2Cl2 were added to a 25-ml round flask with nitrogen protection. The reaction was maintained at room temperature for 24 h. After reaction, polymers were obtained as clear, slightly yellowish, viscous liquids. Ethyl ether was used to precipitate the polymer. The polymers were dried in vacuum and characterized by gel permeation chromatography and NMR. Yield: 84%.
Determining the Lower Critical Solution Temperature (LCST)
The LCSTs of the polymers were determined using a cloud-point method. PBAE was dissolved in deionized (DI) water at 1wt % at 8 o C. The solutions were equilibrated at the designated temperature for 5 min. The light transmittance at the wavelength of 500 nm through the solution was measured using a UV-vis spectrometer (UV-1201, Shimadzu, Japan). The phase transition temperature or cloudy point or LCST of a PBAE was determined as the temperature at which 50% of the transmittance-change of the 1 wt % polymer solution occurred.
Determination of pKa
The pKa values of the PBAEs were measured using a titration method. Briefly, PBAE(50 mg) were dissolved in DI water (50 mL) and the pH was adjusted to 1.0. NaOH solution(1N) was added with stirring and the solution pH was constantly monitored by means of a pH meter and recorded. The pKa was designated as the midpoint of the buffer zone.
The pH-dependent Solubility of the PBAEs
The PBAE was dissolved in water at 1wt % and the solution was maintained at a designated temperature. The pH of the solution was adjusted with 0.1M solution of HCl or NaOH and monitored by means of a pH meter. Transmittance through the aqueous PBAEs solution at a wavelength of 500 nm was recorded by a UV-vis spectrometer at the designated pH and temperature.
DISCUSSION

The Structures of PBAEs
PBAEs were synthesized via Michael addition-based condensation polymerization of PEG-diacrylates with di(secondary amines). Two PEG-diacrylates monomers with different molecular weights 258, 575 and 700 were chose with di(secondary amines) piperazine and 4,4′-trimethylene dipiperidine to react each other in 1:1 ratio. Table 1 summarizes PBAEs made from the Michael addition. The molecular weights of the obtained PBAEs depending on PEG-diacrylate and the ratio of piperazine to 4,4′-trimethylene dipiperidine. The polydispersity was about 1.64 to 1.92, which was typical for polymers prepared from Michael addition reaction. Their structures were confirmed by NMR spectra in Fig 1. The yield of all PBAEs was above 80%. From 1 H-NMR (400MHz, CDCl3-) spectrum, the primary signals, (ppm) =1.2, 1.6, 1.9, 2.5-2.9 (m, -OOCCH 2 CH2C-, -CH 2 CHN-), 3.6 (br, -CH 2 CH 2 O-), 3.7 (br, -COOCH2CH 2 O-), 4.3 (br, -COOCH 2 CH2O-). Mn is 13,400, and PDI is 1.64. From the GPC measurement, the average molecular weight and its polydispersity of PEG-PAEA were shown in Table  1 . The polydispersity was about 1.64 to 1.92, which was typical for polymers prepared from Michael addition reaction. 
The pH Properties of PBAEs
The pH-sensitivity of PBAEs were evaluated by carrying out pH titrations. In this case, 50 mg of PBAEs was dispersed in 50 ml of distilled water then dissolved after the pH was adjusted to 2.8. With addition of 0.01 ml of 1 N NaOH solution, the pH was recorded to obtain the titration profile. Fig 2. shows acid-base titration profile of PBAE. The pKa values of the polymer were calculated from the derivative values of the titration curves. PBAE has a basic character because of its tertiary amine, and its pka value is about 6.5. At room temperature, PBAEs is soluble when pH below 6.5 and insoluble as pH above 6.5 in water. This value is similar to those reported linear poly(beta-amino ester) [13] . The pH sensitive properties of PBAEs were further investigated with the solution transmittance as a function of solution's pH. When PBAEs' pH of solution was increased about 7.4, or higher, the solutions suddenly became cloudy.The PBAEs that precipitated at 7.4 or basic pH could be redissolved by adjust to lower pH 6.0. The pH sensivity of PBAE is attributed to the structure of poly(amino ester), the amine groups in the main chain, in lower pH, the PBAE was ionized under acidic environment. When investigated the sensitivity of poly(amino ester), the temperature in this experiment is low temperature, and the solution is clear, which means the polymer chain is soluble in this temperature. 
The Temperature Properties of PBAEs
The transition temperature, that is, the lower critical solution temperature (LCST), proved to be very pH sensitive and increased as the solution's pH was decreased. For example, with the concentration at 1 wt %, as the pH increased from 7.4 to 9.5, the LCST of PBAE-3 decreased from 25. 
The Degrability of Properties of PBAEs
As a candidate drug carries, the solubility of PBAEs in physical conditions and stability are important factor. Here we investigate the chains solutility in PBS buffer when pH is 7.4.
The poly(amino ester) chains degrade under physiological conditions via hydrolysis of their backbone esters to yield small molecular weight bis("-amino acid) and diol products, which along with the parent polymer are significantly less toxic than many other polycations, such as polyethyleneimine an d poly(L-lysine) at physiological condition, when the thermoresponsive is lower than pH=8.
For pH or temperature-responsive linear polymers, their soluble/insoluble transitions at the critical pH or temperature are generally due to a hydrophobic/hydrophilic change of their polymer chains [20] . The above analysis show that PBAEs exhibited dual sensitivity, and the solubility-insolubity transition of the PBAEs was due to protonation/deprotonation of the peripheral amine groups.
SUMMARY
Temperature and pH dual-responsive poly(β-amino ester)s have been prepared by Michael addition of diamines with poly(ethylene glycol) diacrylates. The polymer showed typical low critical solution temperature (LCST) and the LCST could be easily tuned by the PEG-diacrylate chain length, pH of the solution, and the percentage of hydrophilic segments in the polymer.
